This paper presents an analytical solution for the dispersion of a solute between two parallel plates consisting of two regions, one region filled with porous matrix and another region filled with purely viscous fluid. The Brinkman model is used to define the flow through the porous matrix. The fluids in both regions of the parallel-plate channel are incompressible, and their transport properties are assumed to be constant. The closed-form solutions are obtained in both fluids regions of the channel. The results are tabulated for various values of porous parameter, viscosity ratio, and pressure gradient on the effective dispersion coefficient and volumetric flow rate. It is found that the effective Taylor dispersion coefficient decreases as the porous parameter increases. The validity of the results obtained for a two-fluid model is com-
INTRODUCTION
Flow through and past porous media has attracted considerable interest in recent years because of its importance in science, engineering, and technology (see Kaviany, 1999; Nield and Bejan, 1999; Vafai, 2000) . Much interest has also been evinced in (1) the efficient recovery of crude oil from the pores of petroleum reservoir rocks by displacement with immiscible water (Taber, 1980; Posner and Gill, 1973) where a relation between the displacement rate and pressure is desired; (2) the tiny dust particles floating in the air, known as aerosols and which are gradually choking people to death, where an understanding of the spreading of the aerosols is required-the main interest in all of these cases is the study of dispersion (i.e., spreading leading to flow-enhanced diffusion) in porous media; and (3) the dependence of the rate of diffusion on porosity, which is of considerable importance to the plant physiologists and hence the development of a theory to calculate the diffusion coefficient through porous media needs little justification.
The two important phenomena in the study of dispersion in laminar flow are the molecular diffusion and convection. The flow and inhomogeneity due to the existence of the pore system are responsible for the convective diffusion. The variation of permeability also contributes to the convective diffusion. However, the variation in concentration within the liquid phase gives rise to molecular diffusion and is significant at low velocities. This phenomenon of dispersion in porous media is generally studied by two approaches, namely, the probabilistic approach or the cell model approach and the deterministic approach using the average procedure. The former is due to Simpson (1969) nondimensional pressure gradient i = 1, 2 where 1, 2 are quantities for region 1 Q i volumetric flow rate and region 2, respectively Bear and Bechmat (1965) . The results of the cell model (Simpson, 1969) show the dimensionless diffusion coefficient to be independent of the Reynolds number R (based on the mean grain diameter) and approaches asymptotically to a constant value as R increases, whereas the basic idea of the deterministic approach, developed by Bear and Bechmat (1965) , is to replace the porous matrix and the liquid filling the void space with their respective fictitious interpenetrating continua, each of which is occupying the entire flow domain. The results of this model show that the dimensionless diffusion coefficient increases with increasing Reynolds number and approaches infinity as R → ∞. This is in contradiction to the cell model results and the experimental data of Harleman et al. (1963) . This promoted us to develop a deterministic model that would agree with the experimental and the cell model results. A convenient way to approach this problem is to consider Taylor's (1953) model based on the boundary layer type of flow pattern. In the case of porous media, the boundary layer type of flow pattern can be obtained by Brinkman (1947) model, which incorporates both frictional force offered by the solid particles to the fluid and the viscous shear. The Brinkman equation is of the boundary layer type, and the existence of a boundary layer near the surface of a porous media has been experimentally demonstrated by Beavers and Joseph (1967) and theoretically established by Saffman (1971) and Rudraiah and Veerabhadraiah (1977) . Rudraiah (1976) has used this Brinkman model to find the effect of homogeneous and heterogeneous reactions on the concentration distribution in a fixed bed chemical reactor and has shown that the Brinkman model gives a reasonable result. The work on dispersion in the presence of porous media in the literature was studied for one fluid model. However, in realistic situations, the fluid system often times consists of two (and possibly more) separate immiscible liquids, a layer of one liquid over layer of another liquid. The problem formulation now contains additional dynamical ingredients such as the interfacial stress and the deformation of the interface shape. Also, a multilayered liquid arrangement provides an improved model for buoyancydriven convection process in growing high-quality crystals. Derjani et al. (1986) and Nield (1977 Nield ( , 1983 have studied the thermal instabilities of a superposed porous and fluid layer using Darcy's law together with matching conditions. Masuoka (1974) has observed convective flow in a layer of fluid heated from below and divided by a horizontal porous wall. He has found that the porous wall suppresses the convection. Neale and Nader (1974) proposed the use of Brinkman-extended Darcy equation to account for the macroscopic viscous stress in the porous medium. They also suggested that at the interface, the macroscopic viscous shear stress in the porous medium is equal to the shear stress on the fluid side at the interface between the fluid layer and the porous medium. Somerton and Catton (1982) and Catton (1985) have studied the sta-bility and heat transfer in a superposed horizontal porous and fluid layer using Neale and Nader (1974) matching conditions. Alzami and Vafai (2001) analyzed fluid flow and heat transfer interfacial conditions between a porous medium and a fluid layer. Kuznetsov (2000) gave a detailed introduction on the applications and analytical studies of forced convection in partly porous configurations. The first exact solution for the fluid flow in the interface was presented in Vafai and Kim (1990) . In this study, the shear stress in the fluid and the porous medium were taken to be equal at the interface region. Using the same model, Malashetty et al. (2001) , Umavathi et al. (2010) , and Prathap Kumar et al. (2009) studied flow and heat transfer of fluid-saturated porous media for two-or three-fluid models.
The literature on hydrodynamic dispersion in porous media is very sparse despite its versatile applications in many branches of science, engineering, and technology. Notable practical problems that require the study of dispersion in porous medium are the extraction of energy from geothermal regions, solar collectors with porous absorbers, drag permeation through human skin, and biomechanical applications such as cartilage in synovial joints (see Sueiu et al., 2003; Ng et al., 2005) . This dispersion in porous medium is the macroscopic outcome of the actual movements of the individual solute particles through the pores and the various physical and chemical phenomena that take place within the pores. Recently, Rudraiah and Ng (2007) analyzed the dispersion in porous media considering all possible models for one fluid model. Based on our review of the current literature, it is evident that very few studies are available on the dispersion in porous medium for a two-fluid model. Looking at the various applications as mentioned earlier, the main objective of this study is to analyze solute dispersion between two parallel plates filled with porous and viscous immiscible fluid layers using Taylor's (1953) model.
MATHEMATICAL FORMULATION
The physical configuration considered in this study is shown in Fig. 1 . Consider the laminar flow of two immiscible fluids between two parallel plates at a distance 2H apart, taking the x axis along the midsection of the channel and the y axis perpendicular to the walls. Region 1 (−h ≤ Y ≤ 0) is filled with a fluid-saturated porous medium of density ρ 1 and viscosity µ 1 under a uniform pressure gradient dP 1 /dX with permeability κ, whereas Region 2 (0 ≤ Y ≤ h) is filled with another viscous fluid
FIG. 1: Physical configuration
of density ρ 2 and viscosity µ 2 under a uniform pressure gradient dP 2 /dX. The fluids in both the regions are Newtonian fluids. The transport properties of both fluids are assumed to be constant. It is also assumed that the fluids are incompressible and the flow is steady, laminar, and fully developed. The flow in both regions of the parallelplate channel is assumed to be driven by common constant pressure gradients. Under these assumptions, the governing equations of motion for incompressible fluids are Region 1:
where U i is the X component of fluid velocity and P i is the pressure. The subscripts 1 and 2 denote the values for Region 1 and Region 2, respectively. The boundary conditions on velocity are the no-slip conditions requiring that the velocity must vanish at the walls. In addition, continuity of velocity and shear stress at the interface is assumed. With these assumptions, the boundary and interface conditions on velocity become
Using the nondimensional parameters
the Eqs.
(1)-(3) become
where
Solutions of Eqs. (5) and (6) are
where a 1 , a 2 , a 3 , and a 4 are integrating constants that are evaluated using boundary and interface conditions as given in Eq. (7). The numerical values of velocity distribution u 1 and u 2 is tabulated in Table 1 . From Eqs. (8) and (9), the average velocities becomē
We assume that a solute diffuses in the absence of firstorder irreversible chemical reaction in the liquid under isothermal conditions. The equation for the concentration C 1 of the solute for the first region satisfies
Similarly, the equation for the concentration C 2 of the solute for the second region satisfies
in which D 1 and D 2 are the molecular diffusion coefficients (assumed constant) for the first and second regions, respectively. We now assume that the longitudinal diffusion is much less than the transverse diffusion, that is,
Furthermore, we note that when the transverse diffusion is not sufficiently great to wipe out altogether the effect of longitudinal convection, the transverse distribution of concentration will not be uniform unless the longitudinal distribution is also uniform. This observation is essential to the solution of the problem for we see that if the longitudinal distribution is uniform, the rate at which the dissolved substance passes a section which moves with the mean speed of flow is zero. On the other hand, if there is a small longitudinal gradient of concentration along the tube convection will give rise to a small transverse variation of concentration, which in turn will give rise to a small transport of the solute across a section which moves with the mean speed. It is evident that this small transport and the small longitudinal concentration gradient must be proportional to one another. Thus the combined effect of longitudinal convection and transverse diffusion is to disperse the tracer longitudinally relative to a frame moving at the mean speed of flow by a mechanism which obeys the same law as ordinary one-dimensional diffusion relative to a fluid at rest. Thus Eqs. (12) and (13) for concentration now take the form for Region 1 and Region 2, respectively, as
Since we are considering convection across a plane moving with the mean velocity of the flow, then relative to this plane, the fluid velocity is given by
for Region 1 and
for Region 2, andū is the sum of average velocities of Region 1 and Region 2. Introducing the dimensionless quantities
Eqs. (14) and (15) become Region 1:
Region 2:
where L is the typical length along the flow direction. If Taylor's (1953) longitudinal condition is valid in the present problem, then the partial equilibrium may be assumed in any cross section of the channel and the variations of C 1 and C 2 with η are calculated from Eqs. (19) and (20) as Region 1:
To solve these equations, we use the following two types of boundary conditions. The first is connected with insulated type of boundary conditions, namely,
which expresses the fact that the walls of the channel are impermeable. However, in many biological problems, the condition at the upper wall is conducting and the lower wall is insulating. In other words,
where the former represents the impermeable and the latter the permeable.
Case 1a: Diffusion of a Tracer with Impermeable (Insulating) Wall Conditions
Equations (21) and (22) are solved exactly for C 1 and C 2 using boundary conditions as defined in Eq. (23), which are given by Region 1:
where C 01 and C 02 being constants to be determined using the entry conditions. The volumetric flow rates at which the solute is transported across a section of the channel of unit breadth Q 1 (Region 1) and Q 2 (Region 2) using Eqs. (16), (17) and (25), (26), respectively, are given by
Following Taylor (1953) , we assume that the variations of C 1 and C 2 with η are small compared with those in the longitudinal direction, and if C m1 and C m2 are the mean concentration over a section, ∂C 1 /∂ξ 1 and ∂C 2 /∂ξ 2 are indistinguishable from ∂C m1 /∂ξ 1 and ∂C m2 /∂ξ 2 , respectively, so that Eqs. (27) and (28) may be written as Region 1:
The fact that no material is lost in the process is expressed by the continuity equation for C m1 and C m2 , namely, Region 1:
Equations (31) and (32) using Eqs. (27) and (28) become Region 1:
which are the equations governing the longitudinal dispersion, where
Values of F i are computed for different values of dimensionless parameters such as porous parameter σ, viscosity ratio m, and pressure gradients p 1 , p 2 and are shown in Table 2 . Volumetric flow rate is also computed for variations of porous parameter, viscosity ratio, pressure gradients, and height of the channel, which are shown in Fig. 3 . The numerical values of concentration for different porous parameters are shown in Table 3 . Equations (33) and (34) are the well-known heat conduction equations, which can be solved easily for given initial conditions (Harleman et al., 1963) .
Case 1b: Diffusion of a Tracer with Lower Wall Impermeable (Insulating) and Upper Wall Permeable (Conducting) Wall Conditions
To find the exact solutions of Eqs. (21) and (22), we require two more interface conditions along with boundary conditions (24), which are defined as The solutions of Eqs. (21) and (22) satisfying conditions given in Eqs. (24) and (35) are as follows: Region 1:
where b 1 , b 2 , b 3 , and b 4 are integrating constants. The expressions for C 1 and C 2 can also be written as
The volumetric flow rates at which the solute is transported across a section of the channel of unit breadth Q 1 (Region 1) and Q 2 (Region 2) using Eqs. (16), (17) and (36), (37) are Region 1:
and
Region 2: where
Following Taylor (1953) , we assume that the variations of C 1 and C 2 with η are small compared with those in the longitudinal direction, and if C m1 and C m2 are the mean concentration over a section, ∂C 1 /∂ξ 1 and ∂C 2 /∂ξ 2 are indistinguishable from ∂C m1 /∂ξ 1 and ∂C m2 /∂ξ 2 , respectively, so that Eqs. (38) and (39) may be written as Region 1:
Equations (40) and (41) using Eqs. (38) and (39) become Region 1:
Values of F ii are computed for different values of dimensionless parameters such as porous parameter σ, viscosity ratio m, and pressure gradients p 1 , p 2 and are tabulated in Table 4 . Volumetric flow rate is also computed for variations of porous parameter, viscosity ratio, pressure gradients, and height of the channel, which are shown in Fig. 4 . Equations (42) and (43) are the well-known heat conduction equations, which can be solved easily.
Case 2a: Diffusion of a Tracer for the Channel Filled with Porous Matrix (One-Fluid Model) with Impermeable Wall Conditions
To validate the results obtained for composite porous medium (two-fluid model), the problem is solved considering the channel filled with only porous medium (onefluid model), which was studied by Rudraiah and Ng (2007) . The concentration equation for a one-fluid model using Taylor (1953) becomes
where 
where the constant b 2 is to be determined using the entry condition. The volumetric flow rate at which the solute is transported across a section of the channel of unit breadth is given by
and F (σ, p) represents the terms in square brackets of Eq. (47) multiplied by p 2 of Eq. (47).
The values for velocity are computed and are shown in Table 1 for a composite porous medium and for a onefluid model considering p 1 = p 2 = 1, m = 1, n = 1. It is seen that for σ = 0.01, the values of velocity agree very well, whereas for large values of σ, the values of velocity do not agree for two-fluid and one-fluid models. The values of dispersion coefficient F (σ, p) are evaluated and shown in Table 6 .
Case 2b: Diffusion of a Tracer for the Channel Filled with Porous Matrix (One-Fluid Model) with Lower Wall Impermeable and Upper Wall Permeable Wall Conditions
The solution of Eq. (44) using boundary conditions
Following the analysis as explained in case 2a, the values of the dispersion coefficient F (σ, p) are evaluated and shown in Table 6 .
Case 3a: Diffusion of a Tracer in the Absence of Porous Matrix with Impermeable Wall Conditions (Two-Fluid Model)
To validate the results of the present model, the problem is solved in the absence of porous medium and compared with the results of Gupta and Gupta (1972) . The solutions of Eqs. (5) and (6) using boundary and interface conditions (7) in the absence of porous parameter σ become
The average velocities as defined in Eqs. (10) and (11) in the absence of porous parameter becomē
The solutions of Eqs. (21) and (22) in the absence of porous parameter σ yield
where C 01 and C 02 are constants to be determined using entry conditions. The volumetric flow rates at which the solute is transported across a section of the channel of unit breadth Q 1 (Region 1) and Q 2 (Region 2) and the evaluation of effective dispersion coefficients F i are evaluated as explained in case 1a in the absence of porous parameter. The values of F i (p 1 , p 2 , m, n) are computed for different values of the dimensionless parameters p i and m and are shown in Table 7 .
Case 3b: Diffusion of a Tracer in the Absence of Porous Matrix with Impermeable Wall Conditions (One-Fluid Model)
The solution for concentration obtained by Gupta and Gupta (1972) in the absence of chemical reaction is
where C 0 is a constants to be determined using entry conditions. The volumetric flow rate in which the solute is transported across a section of the channel of unit breadth is
By comparing with Fick's law of diffusion, D * agrees with the results of Wooding (1960) , where p is a nondimensional pressure gradient.
All the constants appearing previously are defined in the Appendix.
RESULTS AND DISCUSSION
This problem is concerned with the longitudinal dispersion of a solute subject to molecular diffusion when it is introduced into a channel for a composite porous medium following a Taylor diffusion model.
To find the average velocity in both regions of the channel, no-slip conditions at the boundaries and continuity of velocity and shear stress are assumed at the interface. The closed-form solutions are obtained for the concentration in Region 1 and Region 2. The volumetric flow rates in both the regions of the channel are also found. The effective dispersion coefficient in each region is also evaluated, and the values are tabulated for variations of governing parameters such as porous parameter, viscosity ratio, and pressure gradients. The distribution of solute concentration is analyzed for two types of boundary conditions: the first one is connected with an insulated type of boundary condition and the other is lower wall insulating and upper wall conducting. The values for viscosity ratio, pressure gradient, and porous parameter are fixed as 1, 1, 2, respectively, except for varying parameters in all the tables and graphs.
Case 1a: Diffusion of a Tracer with Impermeable Wall Conditions
The effect of porous parameter σ on the velocity for composite porous medium (two-fluid model) is evaluated and shown in Table 1 . The problem of dispersion in a porous medium with and without chemical reaction was analyzed by Rudraiah and Ng (2007) . In this problem the channel is filled with only a porous matrix. The velocity distribution is computed and shown in Table 1 (one-fluid model). It is seen that for small values of porous parameter, the velocity distribution is the same in the porous region for the two-fluid model (present model) and one-fluid model (Rudraiah and Ng, 2007) . As the porous parameter σ increases, the values of velocity are close near the lower wall but vary near the interface and in the viscous fluid region. Figure 2 displays the effect of porous parameter σ on the velocity field for composite porous medium. It is observed that the velocity decreases as the porous parameter σ increases. For large porous parameter, the frictional drag resistance against the flow in the porous region is very large, and as a result, the velocity is very small in the porous region. The velocity in a clear fluid region also decreases with an increase in the value of the porous parameter. This is due to the coupling effect.
The effects of porous parameter σ, viscosity ratio m, pressure gradient p (= p 1 = p 2 ), and the height of the channel h on the volumetric flow rate is shown in Fig. 3 . It is seen that as the porous parameter σ increases, volumetric flow rate decreases for small values of σ and remains almost invariant for σ > 3. As the viscosity ratio m increases, volumetric flow rate increases in magnitude for the values of m from 0 to 0.5 (approximately) and then remains constant for large values of viscosity ratio m. Volumetric flow rate is symmetric for negative and positive values of pressure gradient p, and the optimum flow rate
FIG. 2: Velocity profiles for different values of porous parameter σ
is attained in the absence of a pressure gradient in magnitude. As the height of the channel h increases, the volumetric flow rate decreases in magnitude for all values of h.
The effective dispersion coefficients F 1 (σ, m, p), F 2 (σ, m, p), and F (F 1 + F 2 ) for variations of porous parameter σ, viscosity ratio m, and pressure gradient p are shown in Table 2 . As the porous parameter σ increases, the effective dispersion coefficient F decreases very rapidly, which is similar to the result obtained by Rudraiah and Ng (2007) . This is due to the fact that as σ grows, the velocity profiles continue to flatten out and tend to plug flow as σ → ∞. This flattening is the cause for the decrease in F with an increase in σ. As the viscosity ratio m increases, the effective dispersion coefficient F decreases for m ≤ 1 and increases in magnitude for m ≥ 1. The effective dispersion coefficient F is symmetric for pressure gradient p > 0 and for p < 0. Further effective dispersion coefficient F increases as p increases for values of p > 0; this is due to the fact that from the equation of motion, it is clear that as p increases, velocity increases, which causes the increase in F .
To understand the nature of the distribution of concentration for the real field, physical numbers for the porous parameter and diffusivity coefficients are chosen and shown in Table 3 . The experimental values of diffusion coefficients in gases at one atmosphere are chosen from Cussler (1998) . It is interesting to note that for any combination of gases, as the porous parameter σ increases, the concentration decreases in both of the regions. This is due to the fact that an increase in the grain size increases the permeability κ and hence decreases σ, which in turn reduces the value of the diffusion coefficient (this behavior is in conformity with the experimental results of Harleman et al., 1963) , which results in reduction of the concentration. Two different fluids are chosen in each region such as carbon dioxide and hydrogen, with both the regions filled with air. Another combination of nitrogen and helium is chosen with both regions filled with water. It is seen that the concentration is high for the channel filled with air when compared to the channel filled with water in both of the regions for variations in the diffusivity coefficient.
Case 1b: Diffusion of a Tracer with Lower
Wall Impermeable (Insulating) and Upper Wall Permeable (Conducting) Wall Conditions
The effects of porous parameter σ, viscosity ratio m, pressure gradient p (= p 1 = p 2 ), and the height of the channel h on the volumetric flow rate are shown in Fig. 4 . It is seen that the volumetric flow rate increases in magnitude for small values of σ and remains constant for values of σ > 4. The effect of viscosity ratio m, pressure gradient p, and height of the channel h shows a similar effect on the volumetric flow rate as in the case of insulting wall conditions (case 1a). The effects of porous parameter σ, viscosity ratio m, and pressure gradient p on the effective dispersion coef-
FIG. 4:
Volumetric flow rate Q for lower wall impermeable and upper wall permeable wall conditions versus porous parameter σ, viscosity ratio m, pressure gradient p, and height of the channel h ficient are shown in Table 4 . As the porous parameter σ increases, the effective dispersion coefficient F decreases, but the magnitude of suppression is very small when compared to insulating wall boundary conditions. The effect of viscosity ratio m is to decrease F for m ≤ 1 and increase F for m ≥ 1. The effect of pressure gradient p shows a similar nature on the effective dispersion coefficient F as insulating wall conditions (case 1a).
The effect of the porous parameter on the concentration of soil, silica grains, and wire cramps using the values of the diffusivity coefficient from experimental values is shown in Table 5 . The effect of σ on the concentration is not effective when compared to impermeable wall conditions. However, the values of the concentration are less for air when compared to water, which is in contradiction to impermeable wall conditions.
Cases 2a and 2b: Diffusion of a Tracer for the Channel Filled with Porous Matrix (One-Fluid Model) with Impermeable Wall Conditions and Lower Wall Impermeable and Upper Wall Permeable Wall Boundary Conditions
The problem of dispersion in porous media with and without chemical reaction was analyzed by Rudraiah and Ng (2007) . In this problem, the channel is filled with only porous matrix. The effective dispersion coefficients for this model are evaluated for impermeable wall conditions and with lower wall impermeable and upper wall permeable wall conditions and are shown in Table 6 . It is observed from Table 1 that as the porous parameter σ increases, the velocity field differs for composite porous media (two-fluid model) with the results of Rudraiah and Ng (2007) (one-fluid model). Hence the results obtained for effective dispersion coefficient cannot be tallied with the results of Rudraiah and Ng (2007) . To validate the present model, the problem is solved by considering the channel filled with saturated porous media in both the regions with different permeabilities κ 1 and κ 2 . The effective dispersion coefficient is evaluated for various values of porous parameter σ (= σ 1 = σ 2 ) for the twofluid model and is shown in Table 6 . The effective dispersion coefficient F for the one-fluid model is computed using Rudraiah and Ng (2007) . It is observed that the effective dispersion coefficient F (= F 1 = F 2 ) agrees very well for all values of porous parameter σ of the present model (two-fluid model) with the result of Rudraiah and Ng (2007) (one-fluid model).
Cases 3a and 3b: Diffusion of a Tracer in the Absence of Porous Matrix with Impermeable Wall Conditions for Two-Fluid Model and One-Fluid Model
To justify the present model, we solved the problem in the absence of porous matrix for the channel filled with two different viscous fluids and compared the results for the channel filled with one viscous fluid (Gupta and Gupta, 1972) in the absence of chemical reactions. The effects of viscosity ratio m and pressure gradient p on the effective dispersion coefficient F is computed for a two-fluid model and is shown in Table 7 . As m increases, F decreases for the values of m ≤ 1 and increases as m increases for the values of m ≥ 1. The effective dispersion coefficient F is symmetric for p > 0 and for p < 0. Furthermore, it is observed that the effective dispersion coefficient F agrees with two-fluid (present model) and one- fluid models (Gupta and Gupta, 1972) for equal values of viscosity ratio and pressure gradients.
CONCLUSIONS
The problem of solute dispersion in laminar flow of a composite porous medium between two parallel plates was studied using Taylor's dispersion model. Exact solutions were obtained for two different types of boundary conditions such as insulating and insulating permeable wall boundary conditions. The results obtained for composite porous media were as follows:
1. The effective dispersion coefficient decreases as the porous parameter increases for both insulating and insulating permeable wall boundary conditions.
2. The effective dispersion coefficient decreases as the viscosity ratio increases for values of viscosity ratio less than 1 and increases in magnitude for values of viscosity ratio greater than 1 for both insulating and insulating permeable wall boundary conditions.
3. The effective dispersion coefficient was symmetric for the values of pressure gradient p < 0, p > 0 and the effective dispersion coefficient increases as pressure gradient increases for p > 0 for both insulating and insulating permeable wall boundary conditions.
4. The effect of porous parameter for soil, silica grain, and wire cramps was to decrease the concentration, which was a similar result to that obtained experimentally by Harleman et al. (1963) . Furthermore, it was also observed that the concentration distribution was high for air when compared to water for insulating wall boundary conditions. For insulating permeable wall boundary conditions, the effect of porous parameter on the concentration for the soil, silica grains, and wire cramps was not effective on the concentration distribution when compared to insulating wall boundary conditions. The distribution of concentration for air was less when compared to water.
To justify the results of the present model (two-fluid model), the problem was solved considering the channel filled with different porous matrices in both the regions and the effective dispersion coefficient was computed. The effective dispersion coefficient was computed from Rudraiah and Ng (2007) (one-fluid model). There was a good agreement between the present model and the model of Rudraiah and Ng (2007) in the presence of porous matrix.
To further justify the results, the problem was solved in the absence of porous matrix for a two-fluid model, and the results were in good agreement with the results of Gupta and Gupta (1972) in the absence of chemical reaction for a one-fluid model.
